Abstract. This paper presents the novel design of a double hook manufactured with advanced composite materials and nanomaterials. For the preparation of the composite materials an epoxy resin was used while the fiber reinforcement was in the form of hybrid aramid/carbon twill fabric. The nanoparticles were silica nanospheres dispersed in the epoxy matrix. The nanospheres were in the form of a colloidal silica-sol and they were added in the epoxy resin so to form a carefully prepared masterbatch. A series of tensile and fracture toughness tests were performed in order to evaluate the effect of the nanosilica concentration as well as the strength of the hybrid aramid/carbon composites. Upon the design and the manufacture of the innovative geometry of the double hook, comparative uniaxial tensile tests were performed. The results proved that the use of the silica nanoparticles significantly increase the strength of the hook, while affect considerably its tensile fracture behavior.
Introduction
The use of hooks in various applications focus on reducing the weight of the hoisting equipment or accessories. Reducing the weight of the equipment leads to less energy and time to complete an operation, especially for work which is done against gravity [6] . Manufacturers have reduced the weight of hooks based on material removal by modifying their designs in order to maintain their strength and rigidity. The result was a general design pattern that has solid oval or circular crosssections. The lighter hooks used today are constructed from high strength heat treated 7075 aluminum alloy [1] . For cases where weight is not an important factor (i.e. fixed anchors), steel is occasionally used due to increased wear resistance and higher tensile strength. Aluminum alloys have been successfully replaced by composite materials in areas such as aerospace, cycling and navigation [2] . The trend of reducing the part's weight is based on the use of composite materials and thus leading to a significant weight reduction.
The objective of this study is to design a new concept of a hook, which will be able to be manufactured from composite materials and nanomaterials having as a priority to sustain high uniaxial tensile stresses upon loading. In that respect, the performance of the certain advanced materials is investigated and the feasibility of designing and manufacturing a composite hook is discussed.
Background on Hook Design
The minimum load requirements for the various applications of hooks is set by different international and European standards [3, 4] . For existing aluminum alloy hooks the static tests described in the regulations EN and UIAA have proven to be sufficient as far as their safety is concerned. However, the composites have poor impact resistance compared to aluminum alloys and the failure mechanisms may depend significantly on the strain rate [7] . During a normal use of a hook the probability of falling on hard surfaces is high. Those hooks manufactured from aluminum alloys often suffer minor nicks and scratches on the surface from the falls however continue to work successfully. The drop height may be varied from less than one meter to hundreds of meters. In such cases, a hook made form composite materials may need careful designing in terms of the fibre orientation as well as the matrix selection in order to be safe. In the case of an internal damage i.e. delamination, this will not necessarily be visible with the naked eye and will require other forms of non-destructive testing such as ultrasonic based technics. Additionally, environmental requirements are important, because the absorption of humidity and temperature changes may have significant effects on the strength of composite materials. There is a high possibility that the hooks will be exposed to large temperature variations due to the place that will be used. Furthermore, the frictional forces from the rope as the hook is repeatedly used may have a severe damaging effect [5] .
The EN standard provides in more detailed manner the requirements and the geometric restrictions that allow a hook to function properly. Some aspects that are not strictly defined are presented as recommendations. For example, it is recommended that the hook is designed in such a way that under load the majority of the force is taken by the body itself ( Fig. 1 ) and this is the most important property. The hooks are unavoidable weaker in the opening side because of the stress concentration. Another aspect of the design of the hook is that it must be easily usable by hand, so that a user can use it easily when he or she is in a difficult situation.
Fig. 1.
The placement of the rope subjects the hook in tension [3] .
Materials
The most appropriate material in terms of mechanical properties while reducing weight is the carbon fiber. The final material selection is based on the fact that carbon fibers are brittle materials, thereby aramid fibers should be used along so to provide adequate tribological properties due to friction with the rope. In the current case twill type fabrics of hybrid carbon and aramid fibres were selected in order to manufacture plates on which to cut the suggested hook design. The composite plates were manufactured by the vacuum bagging technique.
The epoxy resin that has been used to form the composites was a standard diglycidyl ether of bisphenol A/F (DGEBA/F) with an epoxide equivalent weight (EEW) of 169,7 g/eq., supplied by
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Gurit, UK. Additionally, silica nanoparticles were supplied as a colloidal silica-sol at a concentration of 40 wt.% in a DGEBA epoxy resin as 'Nanopox F400' from Nanoresins, Germany. The silica nanoparticles are synthesised from an aqueous sodium silicate solution. They then undergo a process of surface modification, with an organosilane, and matrix exchange to produce a masterbatch of 40 wt% silica nanoparticles in the epoxy resin. Despite the relatively high silicananoparticle content of about 25 wt%, the nanofilled epoxy resin still has a comparatively low viscosity due to the agglomerate-free colloidal dispersion of the nanoparticles in the resin. The curing agent was a 3-aminomethyl-3,5,5-trimethylcyclohexylamine (SP 115 Hardener), also supplied by Gurit, UK. The SP115 epoxy resin was mechanically mixed with Nanopox F400 nanosilica-DGEBA/F masterbatch for 30min. The mixture was degassed for 15 min in a vacuum oven to remove the entrapped air, which then was blended with the appropriate stoichiometric amounts of SP115 Hardener (based on the amount of DGEBA and the masterbatch) for 10 min. The nanomodified resin was afterwards degassed in the vacuum oven before curing to remove any air entrapped in the mixture. Finally, the resin curing cycle is room temperature cure at 24hours following 16 hours at 50º C with a ramp rate of 1ºC/min which then followed by cooling down to room temperature at 1ºC/min.
New Composite Hook Design
The hook design was based as much as possible on the standards described earlier and is illustrated in Fig. 2a . Prior to manufacturing the hooks by cutting the desired shape with a CNC operated waterjet system, coupon tests were cut from the composite laminates in order to measure in tensile strength of the material as well as the elastic modulus. These properties were used for the loading simulation of the hook using finite element analysis (FEA). The results of the analysis determined the minimum size that met the criteria for strength and safety and identified possible areas that failure could occur. Based on these initial results an optimization for the geometrical characteristics of the hook was performed. The maximum force applied on the model prior failure was approximately 13KN, which is lower than the failure strength which is described by the EN standard (25KN), however this can be easily adjusted by the width of the central column of the hook. The maximum stress results were based on the maximum stress equivalent according to the Von Mises criterion (Fig. 2b) . Fig. 2. a) The hook geometry, b) Maximum equivalent stresses.
Experimental Results
Preliminary, experiments tensile tests as well as fracture toughness tests using single edge notch bend (SENB) specimens were performed prior the tests of the hooks. Characterization of fracture toughness of all the prepared nanocomposites was performed according to ASTM Standard Test a b
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Method D 5045 with a universal testing machine Zwick Z010 (Zwick, Germany) universal testing machine equipped with a 100 kN load cell. The tests were carried out at room temperature with a constant crosshead speed of 10 mm/min. The critical stress intensity factor, K Ic , and the fracture energy G Ic (or critical strain energy release rate) were obtained from three-point bending tests performed on single-edge-notched specimens. The specimens to be tested were precracked with the crack initiated by tapping a new razor blade on the samples. The length of the overall crack was measured after the fracture experiment by observation with an optical microscope. The fracture toughness, K Ic , was calculated as follows (Eq. 1):
(1)
where P max , B, and W are the maximum load in the fracture test, specimen thickness, specimen width, respectively as shown in Fig. 3 . The function f(x)= f(a/W) where α is the crack length. f(x) is a geometry factor which is given by (Eq. 2):
The fracture energy G Ic was calculated with the following equation (Eq. 3):
where v is Poisson's ratio (taken to be 0.35 for the pure epoxy resins and calculated with the rule of mixtures for the nanocomposites ) and E is the moduli obtained from the tensile tests. Tensile tests of the tensile coupons as well as the actual hooks were performed at room temperature (23°C) on the Zwick Z010 testing machine at a constant crosshead speed of 1 mm/min. Fractographic tests of the fracture toughness specimens using a scanning electron microscopy (SEM), reveal clear river lines with smooth surface on epoxy samples as shown in Fig. 5(a) which is typical of a brittle epoxy fracture surface indicating weak resistance with spontaneous crack propagation as observed specimens during testing. The additions of silica nanoparticles at different percentages into the epoxy matrix highly affected the fracture surface and revealed severely distracted patterns as shown in Fig. 5(b) . The formation of these patterns is induced by areas with accumulated well bonded silica particles causing local yielding of the epoxy matrix and thus higher resistance to fracture.
Testing of the hooks in tensile mode showed that that the 15% by volume (or 25% by weight) of silica nanoparticles portray a significant increase in tensile strength, a small stiffening effect as well as a prolonged area of crack propagation prior to fracture (Fig. 8) . More specifically there is an area prior failure where there is an increase of strength with a significant increase of the displacement which is explained by the increase in fracture toughness due to silica nanoparticles. 
Conclusion
The present research work has investigated the design and the construction of a hook made of a polymeric matrix composite materials reinforced with silica nanoparticles. The objective was to determine the strength of a hook from composite and nanocomposite materials. From the experimental results it can be concluded that the epoxy resin, when reinforced with silica nanospheres, significantly improves the mechanical properties due to the uniform dispersion of nanospheres in the mixture. The use of 15% by volume silica nanoparticles showed increased tensile strength in relation to the hooks without nanoparticles. Also, the failure mode showed that nanoparticles alter the fracture behavior leading to increased crack propagation and overall toughness of the composite. The final failure load is below the typical safety failure loads as described by the EN standard, however this can be easily manipulated by the adjustment of the width of the central column of the double hook. Further experimentation and analysis is needed before a final new product can be developed.
